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FREE-FLIGHT PERFORMANCE OF A ROCKET-BOOSTED, AIR-LAUNCHED
16 -INCE-DIAMETER RAM-JET ENGINE AT MACH NUMBERS UP TO 2.20

By John H. Disher, Robert C. Kohl, and Merle L. Jones

SUMMARY

The investigation of air-launched ram-jet engines has been extended
to include a study of models with a nominal design free-stream Mach
nunber of 2.40. These models require auxiliary thrust in order to
attain a flight speed at which the ram Jet becomes self-accelerating.
A rocket-boosting technique for providing this auxillary thrust is
described and time histories of two rocket-boosted ram-Jet flights are
presented. In one flight, the model attained a maximum Mach number of
2.20 before a fuel system fallure resulted in the destruction of
the engine. Performance data for this model are presented in terms of
thrust and drag coefficients, diffuser pressure recovery, mass-flow
ratio, combustion efficiency, specific fuel consumption, and over-all
engine efficiency.

INTRODUCTION

As part of an extensive program concerned with the study of ram-jet
engines, the NACA Iewis leboratory is investigating a series of 16-inch-
diameter ram Jets by leunching these fin-stabilized, unguided engines

from a carrier plane at high altitude. During descent, performance data

are obtained by means of telemetering and radar.

The initial series of engines, designated types A, B, C, and D,
had single oblique-shock-type inlets and were designed for oblique shock
interception with the diffuser 1lip at a free-stream Mach number of 1.8.
These engines, which had margins of thrust over drag in the transonic
Mach number range, were capsble of self-acceleration from subsonic to
supersonic speeds. Results of these investigations are described in
references 1 to 7. Upon completion of the investigation of these -
engines, plans were made to extend the Mach number range of the investi-
gation. A fixed-geometry engine with a double oblique-shock-type dif-
fuser and a design free-stream Mach number of 2.4 was selected for this
phese of the program. This ram-jet engine has been designated type F.
Calculation of off-design performance of this engine indicated that the
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engine was 1ncapable of self-acceleration through the transonic Mach
number range and therefore rocket boost would be required for accelera-
tion from the subsonic launching speed to an acceptable supersonic take-
over speed for the ram jet. While the type F engine was being bullt,
preliminary evaluations of & boosting techniqpe were made by using type
C englnes, which were availeble.

Results of these preliminary evaluations of the boosting technigue
and results of a subsequent flight of the type F engine are described
herein. Date are presented on diffuser pressure recovery, externsl
drag, thrust coefficient, combustion efficiency, specific fuel consump-
tion, and englne efficilency for the type F engine at Mach numbers from
1.5 to 2.19 and mess-flow ratios of 0.65 to 0.99. Ram-jet performance
of the C model is not included inasmuch as reference 5 presents simllar
data.

APPARATUS

A sketch of the type C engine with rocket is shown in figure 1 and
a detalled description of the engine is presented in reference 5. A pho-~
tograph of the type F engine mounted on the carrier airplane is shown in
figure 2. A sketch of the type F engine with rocket is shown in figure 3.
The diffuser 1ls of the double oblique~shock type with no internal con-
traction and with cone half-angles of 22° and 35°., The cowl lip is posi-
tioned to intercept the oblique shocks at a flight Mach number of 2.4.
In order to obtain the maximum thrust in the lower Mach number range, a
straight pipe exit was used. With this straight pipe, the engine was
designed to operate critically with a uzT (where p is equal to 1
plus the fuel-sir ratio and T 1s the ratio of exit totsl tempersture
to inlet total temperature) of approximately 3.6 at a Mach number of
2.0. This value of péT corresponds to a burned fuel-air ratio of
about 0.030 at 12,000 feet altitude and gives a combustor-inlet Mach num-
ber in front of the flame holder of approximately 0.23. Structural tol-
erances in bullding the engine altered these figures somewhat so that
the actual critical values of M2T and of combustion-chamber-inlet Mach
number approximate 3.3 and 0.240, respectively,

The booster rockets used were the 14-AS-1000 and the 6-KS-3000, T-40
solid propellant units. The 14-AS-1000 unit was used in the preliminary
investigations while the 6-KS-3000 rocket was used for the F model. The
14-AS-1000 rocket produces 1000 pounds of thrust for 14 seconds and
weighs approximately 195 pounds; the 6-KS-3000 rocket 1s rated at
3000 pounds of thrust for 6 seconds at sea level and weighs 133 pounds. ..
The rockets were mounted within the combustion chamber on rollers and
were retained In the engine by a shear pin. With the rockets mounted
internally, a smaller shift in the center of gravity of the booster -
ram Jet combination was obtained than would be obtained with external
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mounting, and the need for large booster fins was eliminated. Electric
heating blankets and insulstion were carried wlithin the sheet metal
rocket housing for tempersature control of the rocket grain.

The rockets were ignited by S5-second delsy squibs which were fired
by a trailing line as the engine left the airplane. The rocket thrust
sheared the retalning pln and after burnout, the rocket was ejected by
drag forces. In order to obtain an adequate separation force, a
wooden dreg ring, shown in figure 3, was attached to the rocket housing.
A lanyard attached to the ejected rocket triggered the fuel release and
closed the flare ignition switch. BStebllizing fins attached to the
rocket housing gulded the ejected rocket on a predictable trajectory.

The thrust of the 14-AS-1000 rocket was transmitted to the ram-Jet
structure through the flame holder, whereas four bearing pads attached
to the ram-Jjet shell were used to transmit the thrust of the 6-KS-3000
rocket.

To restrict the combustor-inlet velocity during ram-Jet ignition,
an gluminum "burnout" plate was attached at the ram-Jet outlet by means
of readily melted eluminum links. The plate was cut out to provide
clearance for the rocket rollers, as shown in figure 4. The star-type
flame holder (fig. 5) carried 12 megnesium flares for ignition purposes.
The flares had a burnlng time gbout equal to that of the ram Jet in
order to ensure reignition of the engine following any in-flight blow-
out that might occur. The combined heat release rate of the twelve
flares was constant at 2600 Btu per second, whilch constituted 13 per-
cent of the total heat release during ram-Jet starting when the fuel
flow was low. At the end of the flight the flares were providing only
2 percent of the total heat release. The proJjected blocked area of the
flame holder is 57 percent of combustor cross-sectional area. At a
combustion~chember-inlet Mach number of 0.24, the total-pressure loss
across the flame holder - spray ring combination was equal to about
2.7 times the combustion-chamber-inlet dynamic pressure.

The fuel system of the F model (fig. 6) differed considersbly from
the previous design described in reference 5; however, the basic princi-

" ple of operation remained the same. Helium stored at high pressure was

used for expelling fuel and the helium pressure was regulated to give a
fuel flow rate nesrly proportionsl to free-stream total pressure. A
major change was the use of a cast aluminum plston and cylinder-type
fuel tank with a 10.5-gallion capacity in place of the bladder type.

This change was made i1n order to eliminste occasional fuel cell fallure.
The helium storage reservoir was changed from a helical tube to a
spherically ended cylinder. Several modifications were made in the fuel
regulation system: An Initial stage of helium pressure regulation was

" incorporasted to reduce the helium tank pressure to 800 pounds per squere
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inch at the inlet to the fuel-pressure regulator, whereas formerly the
fuel-pressure regulstor was subJected to the helium storage pressure.
This change, which reduced the impact loads in the regulator valve at
starting conditions, increased relisbility and also improved regulation
sensitivity at low rates of fuel flow. A bleed-off port was provided
to allow regulated pressure to decrease rapidly if so required. In
order to prevent excessive fuel flow during & combustlon blow-out, an
addltional dlasphragm was added to the regulstor to correct the fuel
pressure for varilations in combustion-chamber-inlet static pressure,
thus making the fuel pressure differential across the nozzles propor-
tlonete to free-stream total pressure. Formerly, the nozzle differen-
tial pressure varied with both free-stream total and combustlion-chamber-
inlet static pressures. Spring loaded, varisble-area-type Ffuel nozzles
were used for both engines reported herein rather than the fixed-
orifice type previously used. Fuel used throughout the tests was
unleaded aviatlion gasoline.

The welght of the engine-booster combinstion at release was
711 pounds and the weight of the engine at ram-Jet ignition was
536 pounds.

INSTRUMENTATION

A rader-tracking unit, type SCR-58¢, with optiecal tracking facili-
ties wes used to determine the position of the model in space at
approximately 0.l-second time intervals. Velocities of the winds aloft
are obtained by radar tracking a weather ballon which 1is released imme-
distely after the missile drop. ' -

The C model englne carried an elght-channel telemetering trans-
mitter similar to that described in reference 2. The F model carried
a ten-channel telemetering transmitter with two switched channels
allowing 12 measurements (see fig. 3) to be made. Acceleration was
measured by use of two accelerometers, one measuring acceleration (-1
to 13 g's) and the other measuring deceleration (0 to -10 g's).

The fuel flow was determined from the pressure differential across
a calibrated venturili. The venturl replaced the orifice used in the
fuel measuring system of the C models. In order to measure accurately
the wilde range of fuel flow, two measurements were made of venturi &if-
ferential pressure - one with a low range capsule (0 to 5 Ib/sq in,
differential; and the other with a high range capsule (0 to 50 Ib/sq in,
differential). The total pressures at stations 2 and 3 were measured
by tepered-slot type averaging total-pressure probes of the kind
described in reference 7. Tobtal pressure at the engine outlet was
measured by & copper-cooled rske, as shown in figure 7. The rake was
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constructed of Inconel with a copper core. The proJjecting tubes were
made of molybdenum disilicide. When the rake is immersed in a high-
temperature stream, the copper sbsorbs the heat transferred to the
outer Inconel tube and maintains the rake at s safe temperature for
the short time required.

CALCULATION PROCEDURE

The velocity and the free-stream Mach number of the engines Juring
Plight were calculeted from telemetered total and static pressures and
by integrating the total acceleration. The usual comparison of the
velocity based on the telemeter records with that obtained from the
redar data could not be made for these two flights because of incomplete
radar records. Integrated acceleration is corrected for wind velocity.

Anbient-alr temperature was obtained from ar atmospheric survey
made by the launching eirplane immediately after the completion of the
ram-Jjet drop.

Air flow through the engine was celculated from the static and
dynamic pressure data at station 2 using a total temperature which was
assumed equal to free-stream total temperature. The flow conditions at
the diffuser exit (station 3) were then calculated from cne-dimensional
flow theory. The area at the diffuser exit is considered equal to the
entire cross-sectional aree of the combustion chember. The total pres-
gure, however, for convenience is measured in the annular =ares Just
ahead of the fuel spray ring. The total-pressure drop across the fuel
spray ring and flame holder was determined from celibration runs made
with no combustion, and thils pressure drop was used to calculate the
flow conditions immediately downstream of the flame holder (station 4).
Thus the flow conditions presented for station 3 are based on a flow
area of 1.4 square feet and the total pressure shead of the fuel ring.
The computed flow conditions- Just before combustion (station 4),
although based on the same flow area (1.4 sq ft), take into account the
pressure loss across the fuel spray ring and flsme holder comblnation.
Because the inJected fuel is assumed still to be in the liquld state,
the effect of fuel mass flow is not inecluded in the flow computations
for station 4.

The flow conditions after combustion were calculated using the
continuity expression for mass flow. With choking at the exit, the
exit Mach number at station 7 is assumed equal to 1.0, and the mass
flow 1s equal to the computed air flow at station 2 plus the fuel flow.
The measured total pressure at station 7 and an assumed specific heat
ratio y are used in the continuity expression to solve for an exit
static temperature. The process is repeated until the assumed Y is
that which corresponds to the computed temperature.

- 4 :{.=
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Net thrust was calculated as the difference in the momentum of the
exhaust gases at the engine outlet and the momentum of the free-stream
air. External drag was determined as the difference between the net
thrust and the product of the net acceleration times the instantaneous
mass of the engine. Thrust and external-drag coefflecients were calcu-
lated on the besls of the maximum cross-sectlonal area of 1.4 square
feet.

Mass~-flow ratio or capture area ratio was calculated ag the ratilo
of actual internal air flow to the air flow in a free-stream tube having
a diameter equal to that of the inlet lip. Maximum possible mass-flow
ratio or B was calculated from cone flow theory.

Combustion effleciency 7. was determined as the incresse in
enthalpy of the fuel-air mixture across the combustion chamber divided
by the availaeble chemical energy of the fuel and flares.

The diffuser pressure recovery at stations 2 and 3 was calculated
as the ratio of the observed total pressure in the diffuser to the cal-
culated lsentroplc total pressure Py corresponding to the observed

ambient pressure and free-stresm Mach number.

The specific fuel consumption, defined as the rate of fuel flow in
pounds per hour divided by pounds of thrust, was celculated on the basis
of net thrust (designated TSFC) and also on the basis of propulsive
thrust or thrust minus drag (designated PSFC).

The englne efficiency parameter ﬂe/ﬂc is deflned as power output
divided by power imput, coxrected to 100 percent combustion efficiency,

e (T-D)Vy
ﬁ; ~ 0, (Woh+H)778

where

(T-p)  thrust minus drag (or propulsive thrust), 1b

Vo free-stream velocity, £t/sec
Mo engine efficlency

Me combustion efficiency

Vg fuel flow, 1b/sec

h heating value of fuel, Btu/lb
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H heat release rate of flares, Btu/sec
778 mechanical equivalent of heat, ft-1b/Btu

The remaining equations used in these calculations are presented
in reference 2.

RESULTS AND DISCUSSION
Booster Separation and Ram-~Jet Ignition

Time histories of the booster separation to ram-Jet ignition phase
of the two flights are shown in figure 8, which presents Mach number,
acceleration, and fuel flow against time. Figure 8(a) for the C engine
shows that the englne was boosted to & Mach number of 1.23 within
19 seconds after release., Rocket burnout is indicated by the gbrupt
drop in acceleration. Completion of rocket separation, fuel release,
and ram-jet ignition are indicated by the increase in accelersation at
20 seconds; intermittent burning takes place until 21.9 seconds when
the exit flow restrictor burns out, causing a momentary blow-out fol-
lowed by normel coperation at 23 seconds. Part (b) of figure 8 shows
that the F engine was boosted to a Mach number of almost 1.55 within
12.7 seconds after release, and that 3.8 seconds were required for
rocket separation, fuel release, and steady ram-jet ignition. Separa-
tion and fuel release occurred st 13 seconds and steady ram-jet combus-
tion started at 16.5 seconds. The ejection of the exit restrictor takes
Place at 18.1 seconds and within 0.2 second the associated increase in
thrust is evidenced by a rise in acceleration at 18.3 seconds.

Complete flight histories of free-stream Mach number, acceleration,
and altitude against time for the two engines are shown in figwre 9.
The C engine accelerated to a maximum Mach number of 1.59 within
28.4 seconds after release. At that point the combustor blew out
because of an excessively rich fuel-air ratio. The acceleration reached
a peak value of 2.5 g's Jjust before blow-out. The F engine had reached
an altitude of 18,000 feet at 26 seconds and had accelerated to a maxi-
mum Mach number of 2.20 when the engine was destroyed by an explosion,
which is thought to have resulted Prom a structural fallure in the Ffuel
system., The maximum acceleration attained during booster operation was
6.9 g's and during the rem-jet operation, 5.7 g's.

Engine Performance

Inasmuch as the performance of the C model is similar to that pre-
sented in reference 5, the performence date for this engine are not pre-
sented herein. Time histories of the important varisbles for the
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F nodel are presented in figure 10, This figure has been arranged in
parts (a) to (c) describing free-stream conditions, diffuser and combus-
tor conditions, and baslc performance parameters, respectively.

In figure 10(a), it can be seen that the Reynolds number (based on
body length) varied from 22,000,000 to 154,000,000 during the flight and
that the free-stream total tempersture and pressure reached maximum
values of 904° R and 12,000 pounds per square foot absolute, respectively.

The total pressure measured st stations 2, 3, and 7, the static pres-
sure, temperature, velocity, and Mach number calculated for station 3,
end the fuel flow are shown in figure lO(b). The basic engine perform-~
ance parsmeters of thrust coeffilcient, thrust minus drag coeffiecient,
total-temperature ratio, fuel-air raetio, and combustion efficlency are
presented in figure 10(c). The combustion efficiency attained a maximum
value of only 61 percent before the sudden enrichment brought on by the
spray ring failure near the end of the flight caused the efficiency to
decline rapidly. Factors which probebly contribute to the comparatively
low combustion efficiency throughout the flight include the low initiasl
temperature of the fuel and the uniform type fuel distribution pattern,
which forestalls rich blow-out by eliminating reglons of excessive fuel
concentration at rich mixtures dbut does not provide for efficient opera-
tion in the lean range. ’ N

These time histories provide a convenient method of presenting the
basic information on the flight performance of this englne as well as of
indicating the rate of change of the varisebles. However, for purposes
of anelysis, the important parameters are plotted agsinst free-stream _
Mach number,

Diffuser Pressure Recovery

The pressure recovery date as measured at stations 2 and 3 are shown
in figure 1l. Values of combustion-chamber-iniet Mach number Mz are

indicated for each dats point and a line representing epproximately
critical Mz is faired through the data. Near critical operation was
obtained in the Mach number range from 1.57 to 2.10, during which time
the diffuser pressure recovery decreased from 0.92 to 0.88. The theo-
retical shock recovery for the diffuser is shown by & dashed line. It
is interesting that with critical operation, the theoretical recovery
of 0.93 is spproached at station 2 for My of 2.1. This high recovery

indicates that the friction loss from the inlet to station 2 (approxi--
mately 27 in.) is negligible and that structural tolerances and finish
imperfections of this sheet metal flight model have not adversely
affected diffuser recovery. The recovery at statlion 3 indicates a fric-
tion loss of about 0.05 between stations 2 and 3. under critical operating
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conditions at My of 2.1. At My of approximately 2.1, the heat addi-
tion decreased, allowing the diffuser to operate supercriticslly. The
drop in pressure recovery above My = 2.10 reflects these supercritical

losses.

Thrust Coefficient

For an engine of fixed geometry at zero angle of attack, the thrust
coefficient Cp 1is primarily a function of My and uzT. The thrust
coefficient is plotted against My 1in figure 12 with values of p2T
indicated for each data point. The value of u2T wup to My of 2.10 is
close to critical and a line representing this critical condition is
faired through the data. With critical heat addition, the thrust cceffi-
clent increased from 0.56 at Mo = 1.57 to 0.82 at Mp = 2.10. At this

point, the heet addition drops below critical and the thrust diminishes
accordingly. The drop in heat addition is believed to have been caused
by a struectural failure in the fuel nozzle menifold which let an exces-
sive amount of unatomized fuel into the combustor.

Drag Coefficient

With the thrust defined as momentum change of the internal air flow
and fuel flow from free stream to engine outlet, the totel external drag
includes additive drag (see ref. 8 for definition of additive drag) as
well as skin-friction drag and cowl-pressure drag. At a given Mgy the
important varisble affecting additive drag and cowl-pressure drag is
mass~flow ratio m/my; therefore m/m; is plotted against My in fig-

ure 13. Although the nominal design My of the engine is 2.4, m/mg
approaches 1.0 at My of approximately 2.2. The discrepancy is due to
structural tolersnces in the fgbrication of the engine, the actual inlet
aresa being larger than the nominal design area. A convenient index of

flow conditlons for a glven inlet configuration is the parameter
(m/my)(1/B), where B i1s the theoretical maximm attainsble mass-flow

ratio for that configuration at the given My. Thus when (m/my)(1/8)

is approximately 1.0, the englne is operating eritically or supercriti-
cally and values less than 1.0 would indicate suberitical operation.

The total-external-drag coefficlent is plotted sgainst My in figure 14
with values of (m/mg)(1/B) indicated for each data point. These values
are agpproximately 1.0 throughout the £light, indicating near-criticel or
supercritical operation. The estimated friction-drag coefficient (based
on the meximum cross-sectional area) is indicated by the dashed line on
the drag curve. The vertical distance between the so0lid and dashed lines
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thus represents the sum of the cowl pressure and additive drags. The
friction drag of the engine was obtained from reference 7, which presents
skin-friction coefficients determined in flight for a C type engine. The
data of reference 7 were extrapolated to the higher Mach number and
Reynolds number attained in this flight by use of reference 8. The
external wetted area of the F engine to which the skin-friction coeffi-
clents were applied was 76.6 square feet,

Inasmuch as the flow parameter (m/m;)(1/p) indicates that epproxi-

mately maximum possible air flow is being teken into the engine through-
out the flight, the additlve drag is a minimum and this total-drag curve
represents the minimum drag condition for this engine. Suberitical _
operation would increase the drag from the minimum values. Although the
additive drag is at a minumum, it nevertheless makes up a major part of
the total drag in the lower Mach number range because of the low mass-
flow ratios indicated in figure 13. At Mg of 1.57, the sum of the
additive- .and cowl-pressure-drag coefficients based on the estimated
friction dreg is spproximately 0.21 or sbout two-thilrds the total
external-drag coefficient of 0.34; at My, of 2.10, the sum of the

additive- and cowl-pressure-drag coefficients has diminished to approxi-
mately 0.07 or about 40 percent of the total externsl-drag coefficient
of 0.18. With m/mo equal to 0.99 at My of 2.17, the additive drag

is approaching zero and the total-drag coefficient of 0,14 results pri-
marily from friction and cowl-pressure dregs. Based on the estimated
friction dreg, the cowl-pressure-drag coefficient 1s approximately 0.04
at Mp of 2.17.

Propulsive Thrust Coefficilent

The propulsive thrust coefficient, or thrust minus drag coeffilclent
(CF - Cp)}, for a fixed-geometry engine at zero angle of attack is also

primerily a function of Mg &and u2T. The (Cp - Cp) is plotted against
My 1in figure 15 with values of uzT agaln indicated for each date
point; a line of critical uzT faired through the dsta rises from a

(Cp -~ Cp) of 0.22 at My of 1.57 to a maximum of 0.64 at Mo of 2.10.
The steeper slope of the (Cp - Cp) curve as compared with the Cp

curve is due to a decreasing drag coefficlent at the higher values of
Mo.

Specific Fuel Consumption
The thrust specific fuel econsumptlion TSFC and propulsive thrust

specific fuel consumption PSFC of the engine are presented in fig-
ure 16. In order to generalize the curves for comparison purposes, the
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actual specific fuel consumptions have been multiplied by 17, s0 that
the values shown correspond to 100 percent %e. These fuel consumption
perameters ere plotted against My and velues of u2T are indicated

for each data point. The fuel consumption is alsoc shown in terms of
specific impulse by use of the compound ordinate scale. TInasmuch as the
specific impulse is an inverse function of the specifiec fuel consumptilon,
the discusslon of specific fuel consumption applies in an opposite sense
to specifiic impulse.

With 1ne eliminated as a variable, the TSFC of a fixed-geometry
engine varies primarily with Mesch number, free-stream static temperature

to, and p2T, At constant Mb and to, the TSFC would be expected to

decrease with p2r down to the critical value of u213 beyond which
further reductions of uzT will result in an increase in TSFC. In the
region of this minimum point, variations in pu2r, at constant My &and
to, will affect the TSFC only slightly. It is in this range thet this
engine is operating; therefore little varistion from the critical curve
is aspparent for the supercritical operation at the end of the flight.
The slight lincrease in TSFC with increasing Mp above about 1.8 is
the result of the falling diffuser pressure recovery and the increasing
free-stream temperatures. As indicated in figure 10(a), the free-stream
gtatic temperature has increased from 420° to 454° R during the change
in M, from 1.57 to 2.17. An over-all Increase in the TSFC from the

lower to the higher M, of 7.8 percent is observed; one-half this rise

1s attributed to tempersture effect, the specific fuel consumptlon at
constant My and L2T being proportional to the square root of tge

The PSFC of a fixed-geometry engine is much more sensitive to My

than the TSFC because of the adverse effects of off-design operation
on drag. Because it is based on the net propulsive force produced by
the engine, the PSFC 1s the more important factor. With My verying

from 1.57 to 2.17 and t; from 420° to 454° R, an over-all decrease
in the PSFC (also corrected to 100 percent combustion efficiency) from

5.25 to 2.90 may be noted in Pigure 16(b). Correction to a temperature
of 420° R would lower the PSFC at an My of 2.17 to approximately 2.8.

As would be expected under nesr critical operating conditions, the PSFC
neers e minimum as the design My 1s approached.

Englne Efficiency

A parameter reflecting the combined effects of the important varia-
bles on englne performence is engine efficiency. Analysis of the pre-
viously defined efficiency equation reveals that the important variasbles
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affecting efficiency for a given engine are up2t and Mo. The effi-
ciency of this engine 1s therefore plotted against My in figure 17 with

values of uaT indicated for each data point. A line corresponding to -
approximately critical uZT 1s faired through the data. With approxi- T
mately critical conditions the efficlency increases rapidly with increas-

ing Mo, rising from 0.07 at Mp of 1.57 to 0.18 at Mp of 2.10. With -
slightly supercritical operation, the efficiency reaches a maximum value

of sbout 19 percent at M, of 2.17 and p27 of 2.90.

2752

SUMMARY OF RESULTS

Deta . obtained from the flight of a rocket-boosted, air-launched
rem-jet engine with a nominal design free-stream Mach number of 2.40 _ . . _ _
provided the following results: : R

1. A satisfactory boosting technique has been developed in which
the model is accelerated to supersonic speed by an auxiliary rocket,
whereupon the engine is ignited and becomes capeble of self-acceleration.

2, A maximum Mach number of 2.20 was achieved with steady combus-
tion before a fuel system failure resulted in.an explosion which .
destroyed the model while in flight. - -

3. Near critical operation wes obtained in the Mach number range
from 1.57 to 2.10, during which time the diffuser pressure recovery a
decreased fram 0.92 to 0.88. A comparison with theoretical recovery
across the oblique and normal shocks indicates a constant frietion loss. . _
through the diffuser of about 5 percent. Supercritical operstion was =
obtained from a Mach number of 2.1 to the end of the flight,

4, The increase in Mach number from 1.57 to 2.10 was accompanied by
en increase 1n thrust coefficient from 0.56 to 0.82, while the external-~’
drag coefficient diminished from 0.34 to 0.18. The corresponding rise
in propulsive thrust coefficient was from 0.22 to 0.64. '

5. Mass-flow ratios obtained closely paralleled the meximum theo-
retical values throughout the flight and had reached a value of 0.99 st
a Mech number of 2,17. The external-drag coéfficilent st this near mini- L -
mum additive-drag condition was 0.14. ' L

6. The specific fuel consumption, based on propulsive thrust and
corrected to a combustion efficlency of 1.00, reached a minimm of 2.90
at a Mach number of 2,.17.
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7. Over-all engine efficiency, when corrected to a combustion effi-

ciency of 1.00, steadily increased from a value of 0.07 at a Mach number
of 1.57 to 0.18 at a Mach numbery of 2.10.

Lewis Flight Propulsion ILeboratory

National Advisory Committee for Aeronsutics
Cleveland, Ohio
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